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Abstract
With increased use of carbon fibre (CF)-based textile-reinforced thermoplastic com-
posites, the demand of hybrid yarns consisting of carbon filament yarns (CFYs) and
thermoplastic filament yarns with improved properties is also high. Hybrid yarn manu-
facturing using commingling process by means of compressed air shows some distinct
advantages over other hybrid yarn manufacturing processes. However, the potential of
commingling process for the production of CF-based thermoplastic hybrid yarns is not
yet fully explored. In this article, extensive investigations have been carried out for the
development of commingled hybrid yarns manufactured from CFY and polyamide 6,6
(PA 6,6) filament yarns with improved adhesion properties between CFY and matrix in
composites. Hybrid yarns are manufactured by varying air pressure and keeping over-
feeds and delivery speed constant. Moreover, an additional heat treatment on CFY is
done online for a better opening of CFY prior to the mixing with PA 6,6 filament yarn.
The tensile properties of hybrid yarns as well as different mechanical properties of
unidirectional composite, such as tensile, flexural, impact and interlaminar shear strength
are investigated. The results show good potential for the development of hybrid yarns
produced from CFY and thermoplastic filament yarns with improved adhesion prop-
erties for their application in textile-reinforced thermoplastic composites.
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Introduction
Carbon fibre (CF)-reinforced composites (CFRCs) composed of endless CF reinforce-
ment combined with a binding matrix have widely been used for load bearing structural
components because of their excellent strength, rigidity and damping properties as well
as low weight and high resistances to impacting and corrosion. Considering the type of
polymer matrix used for volume application, CFRCs are divided into thermoset and
thermoplastic composites. Although CFRCs are preferentially manufactured based on a
thermoset matrix (more than 75% of all the composites), thermoplastic composites have
now been developed due to some distinctive advantages over thermoset composites.1
The advantages include lower density, unlimited storage of preform, semi-finished
products delivered ready for use, thermoformability, a faster processing cycle, no sol-
vent emissions during the processing stage, recyclability and improved shock/impact
behaviour.2 A large range of tough thermoplastic matrix materials is also available. As a
result, thermoplastic CFRCs are attracting growing interest from the academic com-
munity and industry.3,4
In order to overcome the problems associated with high viscosity of thermosplast
melts, the minimization of mass transfer distance of thermoplast melt in composite is
achieved by mixing the reinforcement fibres with thermoplastic fibres in hybrid yarn
structures. There are several hybrid yarn manufacturing processes to combine endless
carbon filament yarn (CFY) with thermoplastic component in the form of short fibres/
filaments or coating such as twisting, powder coating,5 DREF friction spinning,6
spreading,7 stretch breaking8 and commingling by means of compressed air9 for the
manufacturing of textile-reinforced thermoplastic CFRCs. However, the advantages of
the commingled process over other hybrid yarn manufacturing processes include higher
productivity, higher flexibility of the manufacturing process, such as the customization
of fibre–matrix ratio, and yarn fineness per the requirements. Other advantages are the
possibility to combine filament yarns available in the market and homogenous mixing of
the components as well as better textile physical properties and textile processability of
hybrid yarns. For these reasons, the commingled process is still a front runner for the
production of hybrid yarns consisting of CFY and thermoplastic matrix component (e.g.
polypropylene, polyester, polyamide (PA) and polyether ether ketone (PEEK)) suitable
for a cost effective and rapid production of high-performance thermoplastic composites.
The only disadvantage of this process is the damage in the brittle reinforcement com-
ponent due to air pressure (applied quasi perpendicular to the filament bundles using a
commingling nozzle) and requires special care for the processing of high-performance
filament yarns such as glass fibre (GF), CF and aramid.
For manufacturing the CF hybrid yarns apart from homogenous mixing and lower
damage during hybrid yarn production as well as processability, the surface properties of
CF need to be taken into account because properties of polymer matrix and the inter-
action/compatibility between fibre and matrix play a big role on their adhesion properties
and consequently on the long-term durability and performance of the CFRCs. Generally,
commercially available CFYs are surface oxidized and then sized to improve the
adhesion (between fibre and matrix in composite) as well as the processability. However,
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the commercially developed sizings are mostly compatible for epoxy-based matrix10,11
due to the fact that CFRCs are preferentially manufactured based on a thermoset matrix
(predominantly epoxy based). This on one hand tends to have negative effect on the
adhesion properties between CF and matrix of thermoplastic composites due to the lack
of compatibility.12 On the other hand, it reduces the mixing properties of individual CF
filaments and thermoplastic filaments in hybrid yarns.
A large number of research studies have been reported on the influence of process
parameters on different GF hybrid yarn properties produced by commingling process as
well as on composite properties.13–18 However, little information can be found on CFY
hybrid yarns manufactured by commingling process using compressed air for the
application in thermoplastic composites. In the study by Choi,19 the improvement of the
flexural rigidity (three-point bending) of CFRC with the application of heat on CFY,
during hybrid yarn manufacturing (with CFY and PEEK filament yarns), has been
reported. However, still there is a lack of understanding on the influence of commingling
processing parameters from the perspective of CFY surface properties, microstructure
and different mechanical properties of composites. In this article, results of further
investigations, especially regarding the influence of additional heat application (during
the manufacturing of commingled hybrid yarns) for the improvement of adhesion
properties between CFY and polyamide 6,6 (PA 6,6) in the composite, are reported for
the first time.
Experimental
Raw materials
CFY (Tenax-E HTA40, Toho Tenax, Japan) and PA 6,6 (Barnet Europe, Germany) are
used to produce the hybrid yarns. The characteristics of the components are detailed in
Table 1.
Hybrid yarn manufacturing
A modified air-jet texturing machine (Type RMT-D (Sta¨hle-Eltex GmbH, Germany)) at
the Institute of Textile Machinery and High Performance Material Technology (ITM)
Dresden (Germany) is used for the production of commingled hybrid yarns consisting of
CFY and PA 6,6 filament yarns (see Figure 1). The CFY and PA 6,6 filament yarns are
fed by means of separate godet pairs. The mixing of the CFY and PA 6,6 filament yarns
is realized aerodynamically using an intermingling nozzle (LD 32.05 (Temco, Germany)).
For a homogenous mixing of both the components, the tension in the filaments must
be low to expedite the opening of the filaments at the mixing point. This is done by
means of an overfeeding of the filaments, keeping the speed of the feeding rollers faster
than that of the drawing roller. The overfeed used for CFY and PA 6,6 is 2% and 3.5%,
respectively. The hybrid yarns are produced by varying the air pressure from 3.5 bar to
5 bar, keeping the delivery speed (100 m/min) constant.
It is to be mentioned that a minimum air pressure of 3.5 bar is required to produce the
hybrid yarns with satisfactory processing quality (i.e. compactness of hybrid yarn and
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mixing of the components). The theoretical fineness of the hybrid yarns is 301 tex and
fibre–matrix volume ratio is 57:43. Furthermore, the CFY is passed through two infrared
(IR) heaters (dimension 25 62.5 cm2) at 430C before it is fed to the yarn feeding roller
(see Figure 1). The hybrid yarns produced with different processing variables are listed
in detail in Table 2.
Figure 1. Air texturing machine with IR heaters used for the manufacturing of commingled hybrid
yarns consisting of CFY and PA 6,6.
IR: infrared; CFY: carbon filament yarn; PA 6,6: polyamide 6,6.
Table 1. Characteristics of CFY and PA 6,6 used for the manufacturing of hybrid yarns.
Characteristics CFY20 PA 6,6
Yarn fineness (tex) 200 94
Number of filaments 3000 140
Breaking force (N)a 179.2 64.0
Tenacity (MPa)a 1535.4 745.8
Filament diameter (mm) 7 28
Elongation at break (%)a 1.1 24.3
Electrical resistivity (ohm.cm) 1.6  103 Not available
Melting temperature (C) – 260
CFY: carbon filament yarn; PA 6,6: polyamide 6,6.
aMeasured according to DIN EN ISO 3341 for CFY and DIN EN ISO 2062 for PA 6,6.
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The effective length of the CFY under IR is 127.5 cm. The aim of using IR heaters is
to investigate the effect of heating on the individualization of filaments in the CFY to
improve the mixing with the thermoplastic filament in the hybrid yarn and the con-
sequent effect on the composite properties, especially the adhesion between matrix and
fibre. It is to be mentioned that trials with different temperatures (>430C) are also
carried out. However, 430C is found optimum to ensure a proper and smooth running of
the hybrid yarn production as CFY breaks frequently at temperatures higher than 430C
with this existing processing and material parameters.
The CF dusts produced during the manufacturing of hybrid yarns are sucked up
continuously by a suction duct, which is necessary to avoid environmental pollution as
well as any short circuit of other electronic devices due the electro conductivity of CF.
Wettability analysis
In order to characterize the effect of heating on the surface properties of CFY, the
wettability of single filament of original CFY, CFY treated at 430C and PA 6,6 is
determined by single-fibre tensiometry and surface energy calculation.
The contact angle () is measured using a modified ‘Wilhelmy balance technique’.
For this purpose, a single filament is immersed into the testing liquid with known surface
tension l and from the force F occurring during immersion the contact angle fibres is
calculated according to equation (1):
cos  ¼
F
l  u
: ð1Þ
The circumference u is determined by light microscopy. The measurements are carried
out at room temperature at 20+ 2C. Six individual measurements are taken at randomly
chosen filaments to calculate the mean value for each fibre and testing liquid. The total
surface energy and its associated polar and dispersive component of the fibres are cal-
culated from the results of the contact angles measured with water and di-iodide methane,
according to Owens, Wendt, Rabel and Kaelble method using the equation (2)21:
lð1þ cosÞ ¼ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ds  
D
l
q
þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ps  
P
l
q 
; ð2Þ
Table 2. Process variables and specifications of the manufactured hybrid yarns.
Hybrid yarn specification IR temperature
Overfeed (%)
Air pressure (bar)CFY PA 6,6
CF/PA#01 Without 2 3.5 3.5
CF/PA#02 4.0
CF/PA#03 5.0
CF/PA#04 430C 3.5
CF: carbon fibre; PA 6,6: polyamide 6,6; IR: infrared.
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where s and l represent surface energy of the fibre and surface tension of the test
liquid, respectively; the superscripts D and P represent dispersive and polar components,
respectively. The total surface energy of the fibre is calculated as follows (equation (3)):
total ¼ 
P
s þ 
D
s : ð3Þ
From the calculation of surface energy, the thermodynamic work of adhesion
(WA) between CFY (original and heat treated) and PA 6,6 matrix is calculated using
equation (4)22:
WA ¼ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
D1  
D
2
q
þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P1  
P
2
q 
; ð4Þ
where 1 and 2 represent surface energy of CFY (original or heat treated) and PA 6,6,
respectively.
Analysis of tensile properties of hybrid yarns
For the analysis of tensile properties of manufactured hybrid yarns, tensile tests are
carried out according to DIN ISO 3341 standard (length yarn sample: 500 mm; test
velocity: 20 mm/min) using a tensile strength testing device Zwick type Z 100
(Zwick GmbH and Co., Germany). Forty measurements are taken for each type of
hybrid yarn, and the stress–strain behaviour is evaluated using testXpert1
software.
The effect of air pressure and heat treatment on the statistical distribution of hybrid
yarn tensile strength is analysed by Weibull distribution through least squares method.
The cumulative fracture probability P for the single two-parameter Weibull distribution
(based on single risk model) at or below a stress  is represented by equation (5)23,24:
P ¼ 1 exp 

0
 m 
; ð5Þ
where m and 0 are the Weibull modulus and the scale parameter, respectively. P is
calculated by ði 0:3Þ=ðnþ 0:4Þ, where i and n are the ranked tensile strength and
sample size, respectively. The Weibull modulus m, also called the shape parameter,
represents the scatter in the fracture strength. A higher m leads to a steeper distribution
function and thus a lower dispersion of the fracture strength. The scale parameter 0
corresponding to the fracture stress with a failure probability of 63.2% is closely related
to the mean strength of the distribution.25
However, it was proposed that the distribution should be given by the modified
modal Weibull distribution based on multi-risk model, if two or more kinds of strength
limiting defect population exist together in brittle material. The P for bimodal Weibull
distribution function is given by equation (6), and the Weibull moduli m1 and m2 are
calculated26:
P ¼ 1 exp 

01
 m1


02
 m2 
ð6Þ
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Preparation of UD thermoplastic composite test specimen
In order to investigate the influence of different process parameters on the mechanical
properties of thermoplastic composites manufactured from the hybrid yarns, uni-
directional (UD) composite plates are produced. This is done by wrapping the hybrid
yarn using a wrapping frame (Industrielle Wickeltechnik (IWT) GmbH, Germany),
which is then consolidated by the Laboratory press machine P 300 PV (Dr Collin
GmbH, Germany). The consolidation is carried out by a computer-controlled cycle
(under vacuum) comprised of a heating step from 30C to 320C. The temperature is
kept constant at 320C for 1200 s. A pressure of 5 bar is applied from the beginning and
up to the reach of 320C. This pressure is kept constant for 600 s at 320C. Then the
pressure is increased to 73 bar and finally, the temperature is dropped down to 30C at
73 bar pressure.
Different test specimens with the dimensions mentioned in Table 3 are cut out of the
consolidated composite plates to carry out tensile, flexural, apparent interlaminar shear
and Charpy impact tests.
Analysis of mechanical properties of composites
Testing of the tensile, flexural and apparent interlaminar shear properties of the com-
posite specimen is performed on the testing device Zwick type Z 100 (Zwick GmbH and
Co., Germany). The impact tests are carried out on the Charpy-Pendelschlagwerk
CEAST 9050 (Instron GmbH, Germany) test device with the aid of a pendulum arm
type impact tester based on the principle of Charpy impact test technique.
The four-point loading method is used for testing the flexural strengths of the spe-
cimens. The apparent interlaminar shear strength test is done by a three-point loading
method. This method consists of the determination of the resistance to delamination
under shear forces parallel to the layers of the laminate and provides information about
the quality of the fibre–matrix bonding. A minimum of 10 measurements are taken to
obtain the average value for each type of test. All the tests are carried out at the ITM
Dresden. The test standards are detailed in Table 3.
Table 3. Dimension of test specimen for different tests carried out on UD composites.
Test Standard
Dimension (mm)
Length Width Thickness
Tensile (0) DIN EN ISO 527-5 250 15 1
Tensile (90) DIN EN ISO 527-4 250 25 2
Flexural (four point) DIN EN ISO 14125: 98 80 15 2
Apparent interlaminar shear strength DIN EN 2563 20 10 2
Charpy impact properties DIN EN ISO 179-1 40 15 2
UD: unidirectional.
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Results and discussion
Wettability analysis
From the results of contact angle measurements and calculated surface energy sum-
marized in Table 4, a slight change in wetting properties due to the application of heat on
CFY can be revealed. The contact angle of CFY in water (w) changes slightly from
68.4 to 64.6 after heat treatment. The decrease of contact angle in water and the
increase of the polar part of the surface energy (Ps ) of the heat-treated CFY compared to
original CFY indicate an increase in hydrophilic properties. This can be attributed to the
removal of sizes (applied by the manufacturer) and to the oxidization of CFY surface by
heat treatment.
It is interesting to find that the surface energy, polar and dispersive part of the heat-
treated CFY are almost similar to those of PA 6,6 (see Table 4). This indicates a better
compatibility of both the components in composite.27 However, from the calculation
according to equation (3), it is found that theWA of original CFY (105.1 mN/m) is higher
than that of heat-treated CFY (102.4 mN/m) with PA 6,6 matrix.
Tensile properties of hybrid yarns
A detailed illustration of the results of tensile tests of hybrid yarns and respective
Weibull cumulative distribution function are shown in Figure 2. From the typical force–
elongation curves of the original CFY and the manufactured hybrid yarns illustrated in
Figure 2(a), it can be seen that the hybrid yarn strength decreases with the increase of air
pressure significantly, as expected. A higher air pressure leads to higher damage in the
CFY, since the CF is sensitive to shear forces. The average breaking force of hybrid
yarns manufactured with 3.5, 4 and 5 bar is found 33%, 49% and 68% less than that of
original CFY, respectively.
Furthermore, from the force–elongation curves, a decrease of modulus in hybrid yarns
compared to the original CFY can be observed, which is the result of the hybrid yarn
structure produced by an overfeed of 2% for CFY and 3.5% for PA 6,6. Due to the
overfeed of CFY during the commingling process, the CFYs in the hybrid yarn structure
are not as stretched as in the original CFY. Therefore, the initial slope of the force–
elongation curves determining the modulus of hybrid yarns is considerably lower
Table 4. Contact angle and surface energy values of different fibres used in the production of
hybrid yarns.
Material w (
) diiod (
)
Surface free energy (mN/m)
s
P s
D total
Original CFY 68.4+ 2.0 0 5.3 50.8 56.1
CFY treated at 430C 64.6+ 4.3 34.8+ 6.5 9.3 41.9 51.2
Original PA 6,6 6,6 62.7+ 1.8 37.8+ 2.5 10.7 40.6 51.3
w: contact angle in water; diiod: contact angle in di-iodide methane.
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compared to that of the original CFY. Furthermore, the damage of the CFY in the hybrid
yarn structures with increased air pressure also causes the reduction of modulus.
Furthermore, the breaking force of the hybrid yarn manufactured from heat-treated
CFY is 36% less than that of original CFY. This reduction in tensile strength can be
attributed to the additional damage that occurs during the heat treatment, due to more
accumulation of fibres onto the yarn-guiding rollers in the IR set-up, because CFY is
susceptive to oxidation at higher temperature as well to the deflection in traverse direction.
From Figure 2(b), it can be seen that the strength values of original CFY fit well to a
straight line; however, the data of hybrid yarns do not suitably fit to the straight line and
are therefore deviated from the single-modal Weibull distribution. The results of hybrid
yarns can be explained by bimodal Weibull distribution and are summarized in Table 5.
With increased air pressure, the Weibull plots of the manufactured hybrid yarns shift to
left and the scale parameters decrease (see Figure 2(b)), indicating a lower characteristic
strength as already mentioned due to the damage in CFY component. From Table 5, it can
be seen that the Weibull modulus increases with the increase of air pressure (except m2 for
CF/PA#03), indicating a narrow strength distribution. The same tendency can also be
found in case of CF/PA#04 compared to CF/PA#01. This is because of the homogenization
of tensile properties due to increased air pressure or better mixing due to desizing effect.
Figure 3 illustrates the cross-sectional images of the hybrid yarns produced for the
investigations. The cross-sectional images generally show some degree of PA 6,6 fila-
ments within the carbon filaments. From the subjective evaluation and previous expe-
rience, it can be revealed that generally with higher air pressure, the mixing of the both
components as well as compactness of hybrid yarns increases. The difference in the
mixing of both the components in the hybrid yarn cross section due to air pressure can be
seen more clearly by comparing CF/PA#01 and CF/PA#02 with CF/PA#03. By com-
paring CF/PA#01 and CF/PA#04, a slightly better mixing of the components can be
Figure 2. (a) Typical force–elongation curves of the original CFY and manufactured hybrid yarns
and (b) Weibull plots of the tensile strength of hybrid yarns (by bimodal cumulative distribution
function) and original CFY (by single-modal Weibull cumulative distribution function).
CFY: carbon filament yarn.
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revealed in CF/PA#04, due to better individualization of single filaments, as a result of
desizing effect due to heat treatment.
Mechanical properties of UD composite
From the results of tensile tests of UD composites produced from different hybrid yarns
and carried out in fibre (0) and in traverse direction (90) (illustrated in Figure 4), the
Table 5. Weibull modulus and the scale parameters of the manufactured hybrid yarns.
Parameters
Specimen
CF/PA#01 CF/PA#02 CF/PA#03 CF/PA#04
01 (MPa) 582.5 453.5 277.5 554.6
02 (MPa) 595.2 483.2 312.7 579.4
m1 15.5 17.9 20.9 21.5
m2 5.8 9.7 4.9 9.3
CF: carbon fibre; PA 6,6: polyamide 6,6; PA: polyamide.
Figure 3. Cross-sectional images of hybrid yarns.
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indication of damages as well as orientation of CFY reinforcement and the adhesion
between matrix and CFY can be found, respectively.
From Figure 4(a) and (b), it can be seen that there is a tendency of slightly reduced
tensile strength of UD composite (in 0) with the increase of air pressure. However, this
decrease in tensile strength is insignificant compared to that found in hybrid yarn. It
indicates that the damage in the CFY due to compressed air is compensated well as a
result of a good and homogenous impregnation of the CFY by the surrounding matrix in
the composite (see Figure 5). The composite produced with CF/PA#04 also shows
slightly less tensile strength than that of CF/PA#01, caused by the filament damage because
of IR heaters, asmentioned already. The typical stress–elongation curves observed from the
tensile strength (in 0 direction) of composites are illustrated in Figure 4(a).
The results of tensile strength of UD composite in 90 are illustrated in Figure 4(c).
By comparing CF/PA#01, CF/PA#02 and CF/PA#03, it can be seen that the tensile
strength of the composite in 90 direction increases significantly with increased air
pressure. Due to higher compressed air pressure, the mixing of the both components
in the hybrid yarn cross-section also increases. However, the increase in mixing is
accompanied at the same time by less orientation of the CFY along the yarn length.
Because of these both effects, the tensile strength of composites in 90 direction
increases with increased air pressure. By comparing the tensile strength (in 90) of
Figure 4. Results of tensile tests of UD composites produced from hybrid yarns: (a) typical stress
strain diagram (in 0 direction), (b) average tensile strength and E-module values (in 0 direction)
and (c) average tensile strength and E-module values (in 90 direction).
UD: unidirectional.
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CF/PA#01 and CF/PA#04, a significant increase in tensile strength can be revealed,
which indicates a higher adhesion between matrix and reinforcement components. This
can be attributed on one hand to the higher mixing of the both components in the hybrid
yarn due to better individualization of CFY filaments and on the other hand to better
compatibility of PA 6,6 and heat-treated CFY (as found from the measurement of surface
properties). It is to be mentioned that though the work of adhesion of heat-treated CFY
and PA 6,6 filament is found slightly lower than that of original CFY, the adhesion in
composite is found significantly higher. This is because the adhesion between fibre and
Figure 5. Cross-sectional (left) and longitudinal (right) images of UD composites produced from
hybrid yarns made from CFY and PA 6,6 filament yarns.
UD: unidirectional; CFY: carbon filament yarn; PA 6,6: polyamide 6,6.
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matrix is also influenced by the mechanical interlocking due to surface roughening of
fibres, which is not taken into consideration.27
The results of flexural strength tests (see Figure 6(a) and (b)) show also the same
tendency as also found in tensile strength test in 0 direction. The flexural strength of
CF/PA#02 and CF/PA#04 is slightly lower than that of CF/PA#01. However, the flexural
strength of CF/PA#03 is significantly low compared to the other specimen. The impact
strength tests reflect the effect of fibre damage due to air pressure or heat treatment and
impact on strength prominently (see Figure 6(c)). This can be attributed to the less
resistance of CF to the force acting in traverse direction. As additional damages already
exist in the CFY reinforcement due to air pressure/heat treatment, the impact strength is
found significantly lower in composites manufactured both with increased air pressure
and heat treatment. Furthermore, from the typical force and deformation curves during
impact test of UD composites (see Figure 6(d)), the effect of air pressure and heat
treatment on the impact properties of composites can be clearly seen. The deformation of
CF/PA#03 and CF/PA#04 is considerably lower compared to that of CF/PA#01 and
CF/PA#02, indicating more brittleness. It also indicates that higher mixing of both the
components in the hybrid yarn as a result of higher air pressure causes higher adhesion
Figure 6. (a) Average flexural strength and module, (b) typical stress and displacement curves of
flexural tests, (c) average impact strength and breaking energy and (d) typical force and deforma-
tion curves during impact test of the UD composites produced from commingled hybrid yarns.
UD: unidirectional.
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between matrix and fibre (by comparing CF/PA#01, CF/PA#02 and CF/PA#03). Simi-
larly, due to better compatibility and higher mixing of both the components as a result of
heat treatment on CFY (by comparing CF/PA#01 with CF/PA#04), the adhesion
between fibre and matrix increases. Consequently, the composites become more brittle
with increase of air pressure and application of additional heat treatment. Generally, a
brittle nature of failure mode can be observed during the flexural and impact tests for all
types of hybrid yarns produced for the investigations. In Figure 7, the specimens after
flexural and impact tests are shown exemplarily in case of CF/PA#01.
The apparent interlaminar shear strength test illustrated in Figure 8 reflects also the
influence of mixing and/or better compatibility of heat-treated CFY and PA 6,6 as found
in tensile strength of composites in 90 direction. Interestingly, the highest apparent
interlaminar shear strength is found in composite produced from heat-treated CFY. With
application of additional heat treatment, the apparent interlaminar shear strength can be
increased by 9%.
Conclusion
The main aim of this study was to acquire better understanding on the influence of
different process parameters of commingling hybrid yarn manufacturing on the adhesion
properties between fibre and matrix in CFRC composites. Furthermore, the influence of
the process parameters on the composites properties such as tensile (in 0 and 90
direction), flexural (four-point loading), interlaminar shear and impact strength is also
investigated. For this purpose, different commingled hybrid yarns are manufactured
from CFY and PA 6,6 filament yarns by varying air pressure and the online application
of additional heat treatment at 430C on CFY. In order to find the relationship between
surface properties of CFY as a result of heat treatment, the wettability of single filament
of original CFY, heat-treated CFY and PA 6,6 is determined by single-fibre tensiometry
and surface energy calculation.
Figure 7. Specimen after flexural (a) and impact (b) test in case of CF/PA#01.
CF: carbon filament; PA: polyamide.
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The results of composites show that the damage in CFY due to air pressure during
hybrid yarn manufacturing seems to be compensated in composite due to bridging effect,
as a result of good impregnation of CFY by the surrounding matrix. A slight decrease in
tensile (in 0) as well as in flexural strength is found in case of change of air pressure
from 3.5 bar to 4 bar and heat treatment. However, the impact strength decreases as well
as the brittleness of composites increases significantly with the increase of air pressure
(from 3.5 bar to 5 bar) and heat treatment.
An important result of the investigations is the significant increase of tensile strength
(in 90) and apparent interlaminar shear strength achieved by heat treatment of CFY,
indicating a higher adhesion between fibre and matrix in composites. The additional heat
treatment of CFY facilitates the better opening of the CFY to produce a homogenous
hybrid yarn. At the same time, the heat-treated CFY shows wetting properties similar to
those of PA 6,6 matrix filament, offering a better compatibility in composite. Both these
effects contribute to the better adhesion of CFY and matrix in composites. However, in
order to differentiate the effect of additional heat treatment on the filament opening and
better compatibility of CFY with thermoplastic matrix due to the desizing effect, further
investigations are necessary.
In essence, the investigations show the potential of the application of heat to improve
the mixing and the adhesion properties between matrix and CFY. A lower tensile,
bending and impact strength give the indication that there are some damages due to the
application of heat, which still can be improved by the modification of IR set–up, for
example, by reducing the number of deflection points and increasing the radius of
deflection rollers.
Figure 8. Apparent interlaminar shear strength of UD composites produced from commingled
hybrid yarns.
UD: unidirectional.
1722 Journal of Thermoplastic Composite Materials 28(12)
Acknowledgement
This article presents a portion of the results from the research project IGF-477 ZBR at the
Technische Universita¨t Dresden, Germany. The authors are grateful for the above-
mentioned financial support.
Declaration of Conflicting Interests
The author(s) declared no potential conflicts of interest with respect to the research,
authorship, and/or publication of this article.
Funding
The author(s) disclosed receipt of the following financial support for the research,
authorship, and/or publication of this article: The authors received financial support for
the research from the research project IGF-477 ZBR.
References
1. Long AC. Design and manufacture of textile composites. England: Woodhead Publishing
Limited, 2005.
2. Maurice R (ed) Composite solutions, thermoset and thermoplastics. Paris: JEC Publications,
2006.
3. La¨ssig R, Eisenhut M, Mathias A, et al. Series production of high strength composites.
Roland Berger, Munich, 2012. http://www.rolandberger.com/media/pdf/Roland_Berger_
Series_production_of_high_strength_composites_20121008.pdf (accessed 15 August 2015).
4. Cherif CH (ed) Leichtbau mit Textilversta¨rkung fu¨r Serienanwendungen (in German). Auer-
bach: Verlag Wissenschaftliche Scripten, 2013, ISBN 978-3-942267-81-6.
5. Ramasamy A, Wang Y and Muzzy J. Braided thermoplastic composites from powder-coated
towpregs. Part I: Towpreg characterization. Polym Compos 1996; 17(3): 497–504.
6. Hasan MMB and Cherif Ch. Analysis of the influence of process parameters on the mechan-
ical properties of carbon core friction spun hybrid yarns for composites. Fibres Text East Eur
2011; 19(4): 59–64.
7. Waldmann M, Cherif CH, Trips K, et al. Mischgarngenerator und Verfahren zur Herstellung
von Mischgarn. Patent Schutzrecht DE 10 2009 029 437 A1, TU Dresden, Germany, 2010.
8. Guevel J, Francois M and Bontemps G. Hybrid yarn for composite materials with thermoplas-
tic matrix and method for obtaining same. Patent 5910361, USA, 1989.
9. Choi BD, Diestel O and Offermann P. Commingled CF/PEEK hybrid yarns for use in textile
reinforced high performance rotors. In: 12th International conference on composite materials
(ICCM), Paris, 5–9 July 1999, pp. 786–806.
10. Karsli NG, Ozkan C, Aytac A, et al. Effects of sizing materials on the properties of carbon
fiber reinforced polyamide 6, 6 composites. Polym Compos 2013; 34(10): 1583–1590.
11. Mironov VS, Park M, Choe C, et al. Influence of carbon fiber surface treatments on the struc-
ture and properties of conductive carbon fiber/polyethylene films. J Appl Polym Sci 2002;
84(11): 2040–2048.
12. Sharma M, Gao S, Ma¨der E, et al. Carbon fiber surfaces and composite interphases. Compos
Sci Technol 2014; 102: 35–50.
13. Svensson N, Shishoo R and Gilchrist M. Manufacturing of thermoplastic composites from
commingled yarns: a review. J Thermoplast Compos Mater 1998; 11(1): 22–56.
Hasan et al. 1723
14. Ogale V and Alagirusamy R. Properties of GF/PP commingled yarn composites. J Thermo-
plast Compos Mater 2008; 21(6): 511–523.
15. Kravaev P, Stolyarov O, Seide G, et al. Influence of process parameters on filament distribu-
tion and blending quality in commingled yarns used for thermoplastic composites. J Thermo-
plast Compos Mater 2014; 27(3): 350–363.
16. Ma¨der E, Rausch J and Schmidt N. Commingled yarns – Processing aspects and tailored sur-
faces of polypropylene/glass composites. Compos A: Appl Sci Manufac 2008; 39(4): 612–623.
17. Lauke B, Bunzel U and Schneider K. Effect of hybrid yarn structure on the delamination beha-
viour of thermoplastic composites. Compos A: Appl Sci Manufac 1998; 29(11): 1397–1409.
18. Alagirusamy R and Ogale V. Commingled and air jet-textured hybrid yarns for thermoplastic
composites. J Indus Text 2004; 33(4): 223–243.
19. Choi BD. Technische Universita¨t Dresden Germany (in German). PhD Thesis, 2005.
20. Toho Tenax, http://www.tohotenax.com/tenax/en/products/standard.php (accessed 15
December 2014).
21. Kru¨ss advancing surface science: brochure dsa 100. Hamburg: Kru¨ss GmbH, pp. 1–9. http://
www.kruss.de/de/ (accessed 31 August 2015).
22. Wu S. Polymer interface and adhesion. New York: Marcel Dekker, 1982.
23. Weibull WJ. A statistical distribution function of wide applicability. J Appl Mech 1951; 18:
293.
24. Wu D, Zhou J and Li Y. Methods for estimating Weibull parameters for brittle materials.
J Mater Sci 2006; 41(17): 5630–5638.
25. Quinn JB and Quinn GD. A practical and systematic review of Weibull statistics for reporting
strengths of dental materials. Dental Mater 2010; 26(2): 135–147.
26. Goda K and Fukunaga H. The evaluation of the strength distribution of silicon carbide and
alumina fibres by a multi-modal Weibull distribution. J Mater Sci 1986; 21(12): 4475–4480.
27. Ramanathan T, Bismarck A, Schulz E, et al. Investigation of the influence of acidic and basic
surface groups on carbon fibres on the interfacial shear strength in an epoxy matrix by means
of single-fibre pull-out test. Compos Sci Technol 2001; 61(4): 599–605.
1724 Journal of Thermoplastic Composite Materials 28(12)
